Salmonella enterica serovar Typhimurium (S. typhimurium) is an enteric pathogen that causes significant morbidity in humans and other mammals. During their life cycle, salmonellae must survive frequent exposures to a variety of environmental stresses, e.g. carbon-source (C) starvation. The starvation-stress response (SSR) of 5. typhimurium encompasses the genetic and physiological realignments that occur when an essential nutrient becomes limiting for bacterial growth. The function of the SSR is to produce a cell capable of surviving long-term starvation. This paper reports that three C-starvation-inducible lac fusions from an 5. typhimurium C-starvationinducible lac fusion library are all within a gene identified as fadF, which encodes an acyl-CoA dehydrogenase (ACDH) specific for medium-/long-chain fatty acids. This identification is supported by several findings: (a) significant homology a t the amino acid sequence level with the ACDH enzymes from other bacteria and eukaryotes, (b) undetectable P-oxidation levels in fadF insertion mutants, (c) inability of fad insertion mutants to grow on oleate or decanoate as a sole C-source, and (d) inducibility of fadF::/ac fusions b y the long-chain fatty acid oleate. In addition, the results indicate that the C-starvation-induction of fadF is under negative control by the FadR global regulator and positive control by the CAMP: CAMP receptor protein complex and ppGpp. It is also shown that the fadF locus is important for C-starvationsurvival in S. typhimurium. Furthermore, the results demonstrate that fadF is induced within cultured Madin-Darby canine kidney (MDCK) epithelial cells, suggesting that signals for its induction (C-starvation and/or long-chain fatty acids) may be present in the intracellular environment encountered by 5. typhimurium. However, fadF insertion mutations did not have an overt effect on mouse virulence. M . P . S P E C T O R a n d OTHERS stress encountered by S. typhimurium and other bacteria is starvation for an energy-yielding carbon (C) source (Koch, 1971; Harder & Dijkhuizen, 1983; Roszak & Colwell, 1987; Moriarty & Bell, 1993) . The changes in cellular physiology and gene expression that the organism undergoes in response first to limitation and then to starvation for an essential nutrient is referred to as the starvation-stress response (SSR) (Foster & Spector, 1986; Spector et al., 1986 Spector et al., ,1988 Spector, 1990; reviewed by Spector & Foster, 1993 ; Spector, 1998 Using Mud-lac insertion techniques, a library of lac operon fusions to genetic loci induced during C-starvation has been identified in S. typhimurium. Characterization of some of the loci identified from this library (M. P. Spector, unpublished results) and from a previous library (Spector et al., 1988) has shown that gene induction in response to C-starvation occurs in a sequential manner, allowing the SSR to be divided into at least four phases, designated phase 0 through 3, based on the sequential timing of their induction (Spector & Foster, 1993) . Each phase can be subdivided temporally based upon whether genes are continually expressed or expressed only for defined periods of time. The majority of loci identified are phase 1 loci in that they are induced during the transition from growth to C-starvationinduced non-growth. Several phase 1 gene products are required for long-term starvation-survival, and are referred to as core SSR loci (Spector & Cubitt, 1992) . Not surprisingly, many, but not all, core SSR loci are under the control of the starvation/stress sigma factor encoded by the rpoS gene, 2 or a3* (Mulvey & Loewen, 1989; Tanaka et al., 1993; O'Neal et al., 1994 ; for reviews see Hengge-Aronis, 1993 Loewen & Hengge-Aronis, 1994 ; Spector, 1998) .
INTRODUCTION
Serovars of Salmonella enterica (e.g. S. enterica serovar Typhimurium or S. typhimurium) face a variety of potentially lethal stresses as they move between and within external and host microenvironments. Thus, it is imperative that salmonellae, and other enteric bacteria, are able to sense, respond to and adapt to changing environments in order to survive (Brown & Williams, 1985 ; Babior, 1992 ; Foster & Spector, 1995) . A common stress encountered by S. typhimurium and other bacteria is starvation for an energy-yielding carbon (C) source (Koch, 1971; Harder & Dijkhuizen, 1983; Roszak & Colwell, 1987; Moriarty & Bell, 1993) . The changes in cellular physiology and gene expression that the organism undergoes in response first to limitation and then to starvation for an essential nutrient is referred to as the starvation-stress response (SSR) (Foster & Spector, 1986; Spector et al., 1986 Spector et al., ,1988 Spector, 1990 ; reviewed by Spector & Foster, 1993 ; Spector, 1998) . The function of the SSR is to allow the bacteria to survive periods of long-term starvation, since preventing its induction using protein synthesis inhibitors results in rapid loss of cultural viability. C-starvation is more effective at inducing long-term starvation-survival than are phosphate-source (P) or nitrogen-source (N) starvation (Spector & Cubitt, 1992; Spector & Foster, 1993 ; M. I?. Spector, unpublished results) . In addition, induction of the SSR as a result of C-starvation makes the cells more resistant to a number of other environmental stresses, e.g. presence of hydrogen peroxide, extremes in temperature, pH and osmolarity, and the presence of cationic antimicrobial peptides (Jenkins et al., 1988 ; Matin, 1991 ; Lange & Hengge-Aronis, 1991 ; McCann et al., 1991; Fang et al., 1992; Seymour et a/., 1996; McLeod & Spector, 1996; M. P. Spector, unpublished results).
Using Mud-lac insertion techniques, a library of lac operon fusions to genetic loci induced during C-starvation has been identified in S. typhimurium. Characterization of some of the loci identified from this library (M. P. Spector, unpublished results) and from a previous library (Spector et al., 1988) has shown that gene induction in response to C-starvation occurs in a sequential manner, allowing the SSR to be divided into at least four phases, designated phase 0 through 3, based on the sequential timing of their induction (Spector & Foster, 1993) . Each phase can be subdivided temporally based upon whether genes are continually expressed or expressed only for defined periods of time. The majority of loci identified are phase 1 loci in that they are induced during the transition from growth to C-starvationinduced non-growth. Several phase 1 gene products are required for long-term starvation-survival, and are referred to as core SSR loci (Spector & Cubitt, 1992) . Not surprisingly, many, but not all, core SSR loci are under the control of the starvation/stress sigma factor encoded by the rpoS gene, 2 or a3* (Mulvey & Loewen, 1989; Tanaka et al., 1993; O'Neal et al., 1994 ; for reviews see Hengge-Aronis, 1993 Loewen & Hengge-Aronis, 1994 ; Spector, 1998) .
Upon induction of the SSR, numerous structural and physiological changes in the cellular envelope occur in starved cells of both S. typhimurium and Escherichia coli. These include increased lipopolysaccharide in the outer membrane, a shift from phosphatidylglycerol to diphosphatidylglycerol (i.e. cardiolipin) in the inner membrane, and increased thickness and cross-linking of the peptidoglycan as well as expanded attachment of the murein layer to the outer membrane (reviewed by Huisman et al., 1996) . Another hallmark of starved cells is the decrease in the relative amounts of long-chain monounsaturated fatty acids, e.g. palmitoleic and cisvaccenic acids, in their inner membranes. This is due primarily to the direct conversion of unsaturated fatty acids to their cyclopropane derivatives by the membrane-bound cyclopropane fatty acid synthase encoded by the cfa gene (Taylor & Cronan, 1976; ElKhani & Stretton, 1981) . Interestingly, the cfa locus is stationary-phase inducible and regulated by 0 ' . The importance of this shift is still unclear since strains unable to carry out this conversion do not appear to exhibit any discernible sensitivity to starvation or other environmental stresses (Taylor & Cronan, 1976 ;  reviewed by Cronan & Rock, 1996) . Concurrent with the shift in fatty acid composition of the cell's inner membrane is a reduction in size of starved cells compared to growing cells. This involves a shutting down of phospholipid synthesis and increased phospholipid turnover, indicating that during the initial stages of starvation monounsaturated fatty acids may provide Csources enabling the cell to mount an SSR and survive long-term starvation conditions. In particular, degradation of these fatty acids through @-oxidation would generate acetyl-CoA to feed the tricarboxylic acid (TCA) cycle, yielding C-compound intermediates and electron/H+ ion donors for energy production.
We describe here a phase 1 C-starvation-inducible locus, identified from a MudJ-generated lac fusion library, that partial DNA sequencing, biochemical and genetic analyses indicate encodes a medium-/long-chain fatty acylCoA dehydrogenase (LCACDH) required for /?-oxidation of fatty acids. We have designated it fadF to reflect current nomenclature (Klein, 1973 ; Overath et al., 1969; reviewed by Black & DiRusso, 1994; DiRusso & Nystrom, 1998) . Furthermore, we report that Cstarvation-induction of this locus is under the control of the global regulators FadR and cAMP : cAMP receptor protein (cAMP:CRP) as well as the alarmone ppGpp. This is, to our knowledge, the first report of a fad gene being under the control of ppGpp. In addition, we demonstrate that this locus is induced within cultured Madin-Darby canine kidney (MDCK) epithelial cells, is important for S. typhirnuriurn's survival during C-starvation, but does not appear to be needed for virulence in the mouse model.
METHODS
Bacterial strains, phage and transductions. The strains used in this study were all derivatives of the Salmonella enterica serovar Typhimurium (Salmonella typhimurium) strain SL1344 or TR6.583 and are listed in Table 1 . Transductions were performed using a high-transducing derivative of S. al., 1988 ; Spector & Cubitt, 1992) or an NCE-based medium (Davis et al., 1980) . MS medium nonlimiting in glucose, phosphate and nitrogen (MS hiPCN) was used to generate exponential-phase cells, while MS medium with 0.03 % (w/v) glucose (MS loC) was used to generate C-starved cells. The rich media used were Luria (L) or Luria-Bertani (LB) agar and broth (Davis et al., 1980; Difco) and tryptone broth (TB) (Miller, 1972; Difco) .
Histidine and methionine were added, as needed, to a final concentration of 0.2 mM and 0.3 mM, respectively. Decanoate and oleate (Sigma) were each used at final concentrations of 5 mM or 1 mM, as needed. Brij 58 (Sigma) was used to solubilize free fatty acids at a final concentration of 0.5% (v/v). Kanamycin (Kan), ampicillin (Amp) and tetracycline (Tet) were used, as needed, at a final concentration of 100 pg ml-', 50 pg ml-l and 10 pg ml-' (minimal) or 20 pg ml-l (rich), respectively. X-Gal was used, as an indicator of pgalactosidase activity (encoded by IacZ), in solid media at a final concentration of 40 pg m1-l.
Strains carrying cya, crp or crp:'. mutations were grown on MacConkey's 0.5 '/o (w/v) mannitol (Difco) agar plates, plus the appropriate antibiotics as needed, to confirm the correct phenotype (Saier et al., 1996) of the strains prior to being tested. Phenotypes of relA, spoT or relA spoT double mutants were confirmed as described by Rudd et al. (1985) prior to being tested. Strains carrying an rpoS knockout mutation were confirmed as previously described (O'Neal et af., 1994) , again, prior to being tested. al., 1984; Hughes & Roth, 1988) . KanR transductants were then replica-plated onto nonlimiting minimal agar medium (MS hiPCN) and glucose (C)-limiting minimal agar medium (MS loC) supplemented with Kan and X-Gal.
These media allow for the selection of his+ KanR transductants, indicating that they acquired KanR as a result of transposition of the MudJ (lac KanR) into a different site on the bacterial chromosome, as opposed to homologous recombination at the his locus, site in which the MudJ is inserted in strain TT10287 (Hughes & Roth, 1988) . KanR his+ colonies that appeared more intensely blue on the limiting glucose medium compared to the nonlimiting glucose medium were selected for further study. The C-starvation-inducible (csi) phenotype of each fusion strain was confirmed by restreaking onto minimal nonlimiting and limiting glucose X-Gal Kan agar plates (Spector et al., 1988; Spector & Cubitt, 1992) . The collection of csi: : lac-containing strains was then catalogued and stored at -70 "C. AAT AAT CCA ATG TCC TCC C 3'). Although exponential amplification of the Mud J/chromosome boundary can only occur if the primer also binds to a stretch of partial sequence complementarity in the region of unknown sequence on the opposite strand, this occurs at a sufficient frequency so as to be useful, if one or more of the PCR cycles includes a low annealing temperature. If successful, this primer should yield a product possessing 34 bp, nested between the primer-binding site and the end of the MudL sequence, at one of its ends.
Products not containing this 34 bp region were considered artifacts of the procedure and not studied further.
SP-PCR was performed on cell lysates from ST50, ST54, ST64 and wild-type parent SL1344. Lysates were prepared by suspending two or three medium-sized colonies, grown overnight on L agar, in 500 pl sterile distilled water, heating at 99 "C for 10 min, and collecting the supernatant after centrifuging at maximum speed in a bench-top microfuge for 2 min. Two microlitres of the supernatant was added to 6 pmol primer and the PCR reagents (Taq polymerase, buffer, and dNTPs) to a final volume of 50 pl.
The SP-PCR reactions were performed in an Omnigene thermal cycler (Hybaid), using a three-stage protocol, The first stage consisted of one cycle of 2 min at 96 "C to ensure complete denaturation of the target DNA, followed by 20 cycles of 30 s at 94 "C, 30 s at 50 "C and 2 min at 72 "C, with the aim of creating multiple single-stranded copies of the MudJ/chromosome junction region through a specific but linear amplification reaction. The second stage included two cycles with a low annealing temperature and a slow ramp up to the optimum extension temperature (two cycles of 30 s at 94 "C, 15 s at 30 "C, 15 s at 35 "C, 15 s at 40 "C, 15 s at 45 "C, 15 s at 50 "C, 15 s at 55 "C, 15 s at 60 "C, 15 s at 65 "C, 2 rnin at 72 "C) in order to encourage quasi-specific primer binding to chromosomal DNA close to the junction region, with subsequent primer extension creating a template bounded at both ends with primer-derived sequence. The third stage was a conventional PCR, aimed at exponential amplification of the template created in stage two, consisting of 30 cycles of 30 s at 94 "C, 30 s at 50 "C, 2 min at 72 "C, followed by a final 5 min extension at 72 "C. Five-microlitre samples from each completed SP-PCR were analysed by TBE/1 ' / o (w/v) agarose gel electrophoresis, to confirm that each mutant yielded a product profile distinct from that of the wild-type parent (data not shown).
The DNA in the remaining 45 pl of each SP-PCR was then ethanol-precipitated, resuspended and ligated to the pGEM-T plasmid and transformed into hyper-competent Escherichia coli HBlOl cells (supplied with the vector) according to the manufacturer's instructions (Promega). Transformed cells were then inoculated onto LB Amp IPTG X-Gal plates and incubated overnight at 37 "C according to the manufacturer's protocols. White colonies containing vector with insert were subcultured and analysed via PCR using forward and reverse vector-specific primers (Promega). Five-microlitre aliquots of the completed reactions were run on a TBE/1 '/ o (w/v) agarose gel to determine the presence and size of any insert.
A selection of amplified inserts (six from ST5O and six from ST54) were PEG-precipitated (Rosenthal et al., 1993) , and then sequenced by Taq cycle sequencing using forward and/or reverse primers with subsequent analysis on an ABI 377 automated sequencer (Applied Biosystems) . Again, sequences representing the MudJ/chromosome junctions (two from ST5O and three from ST54) were distinguished from sequences amplified non-specifically from elsewhere in the chromosome by the presence of the 34 bp of sequence derived from the end of the MudJ but not present in the SP-PCR primer PMudL. The locations of the MudJ insertions in ST50 and ST54 were subsequently confirmed by conventional specific PCRs using primers binding to the MudJ and to the sequenced chromosomal DNA (data not shown).
In the case of inserts amplified from the ST64 chromosome, an additional selective procedure was used before sequencing. A pair of overlapping divergent PCR primers (PMudLfor, 5' GGT CTA GAC ACT TGA AGT ACG AAA AAA ACC 3', and PMudLrev, 5' GGT CTA GAT TCA AGT GAA TCA ATA CA 3') binding to sites in the 34 bp stretch between the PMudL binding site and the left end of the MudJ were used to screen white colonies. With this procedure, only colonies containing an amplified junction region yielded a PCR product, which consisted of the entire insert and vector combined (inverse PCR). One such PCR product was PEGprecipitated, then sequenced with primer PMudLrev. As the 3' end of this primer corresponds exactly to the leftmost end of the MudJ and it was impossible to be certain quite how close to the primer the resulting sequence began, the insertion site for the MudJ in : :lac] could not be located precisely, but only to within a few base pairs.
Analysis of fad mutant growth phenotypes. T o determine if the various MudJ insertion mutants could utilize oleate as a sole C-source, the appropriate strains (see Table 2 ) were inoculated onto NCE agar medium supplemented with 0.5 YO (v/v) Brij 58 and 0.3% (w/v) glucose, 0.4% (w/v) acetate or 5 mM oleate as the sole C-sources. Agar plates were incubated at 37 "C for up to 48 h. The presence of growth was examined for after 18, 24 and 48 h.
Isolation and identification of a fadR mutant strain.
Spontaneous fadR mutants of S. typhimurium TR6583 were isolated by heavily inoculating NCE agar medium containing 5 mM decanoate and 0.5 ' / o (v/v) Brij 58 with strain TR6583. Colonies that appeared on decanoate plates after 24 h were selected (longer incubations gave high background growth). Isolates were confirmed by restreaking onto NCE decanoate agar to demonstrate utilization of decanoate as a sole carbon and energy source. Positive isolates were also assayed to show constitutive levels of p-oxidation activity (see below), characteristic of fadR mutants. In addition, the mutation, designated fadRlOl, was confirmed by demonstrating suppression of growth on NCE decanoate agar and induction of wild-type poxidation levels by long-chain fatty acids following introduction, via electroporation, of a plasmid (pCG101) carrying the wild-type fadR gene of E. coli (DiRusso et al., 1992) .
Assay for /?-oxidation activity. Bacterial cells were grown overnight in tryptone broth (TB) at 37 "C with shaking. The overnight culture was then diluted 1 : 100 into 20 ml fresh TB or TB plus 1 mM oleate and O.s% (v/v) Brij 58 (TBO).
Cultures were incubated at 37 OC with shaking and growth was monitored using a Klett-Summerson colorimeter equipped with a blue filter. At mid-exponential phase (OD,,, -0*4-0-5), the culture was placed on ice for 10 min, pelleted by centrifugation, and the cell pellet resuspended in 5 ml NCE containing 0.5 '/o Brij 58. Centrifugation was repeated and the cells were washed two additional times with NCE alone. After fadF of Salmonella is a starvation-stress response locus (diluted 1 : l with ethanol) was added to the centre well and 0.5 ml 2.5 M H,SO, was added to the culture medium to release dissolved CO,. Incubation was continued for an additional 60 min then the centre well was removed and placed in a vial with 4 ml scintillation fluor. Radioactivity was measured in a Beckman scintillation counter. Specific activity was calculated from the mean of three experiments and was expressed as nmol "CO, min-l (mg protein)-'.
C-starvation/oleate induction and p-galactosidase activity assay. C-starvation-induction of the various Mud-lac fusions was quantified in vttro by measuring P-galactosidase activity in exponential-phase cells and 3 h C-starved cells. For this, the desired strains were grown overnight in MS hiPCN broth, with antibiotic as needed, at 37 "C with shaking. Overnight cultures were then diluted 1 : 100 into 4 ml fresh MS hiPCN and MS loC media and incubated at 37 "C with shaking. Growth was monitored by measuring OD,,,. Cells were grown to exponential phase in MS hiPCN broth (OD,,, -0.3-0-4) and assayed for P-galactosidase activity. Threehour C-starved cells were obtained by growing the cells in MS loC broth until growth stopped as a result of exhaustion of glucose and continuing to starve the cells for a total of 3 h, at which point cells were assayed for P-galactosidase activity. p-Galactosidase activity was measured by the method of Miller (1972 Miller ( , 1992 and is expressed in Miller units.
T o measure oleate induction of the various Mud-lac fusions, desired strains were grown overnight in TB broth plus antibiotic as needed at 37 "C with shaking. Overnight cultures were then diluted 1 : 100 into 4 ml fresh TB or TBO (1 mM oleate/0*5% Brij 58). Cultures were incubated at 37 "C with shaking and growth was monitored as above. Exponentialphase cells (OD,,, -0 . 3 4 4 ) in both media were then assayed for P-galactosidase activity. Again, p-galactosidase activity was measured by the method of Miller (1972 Miller ( , 1992 and is expressed in Miller units.
Assay for expression in MDCK epithelial cells. Infection and assay for intracellular P-galactosidase expression was carried out as previously described (Finlay & Falkow, 1989; Garcia del Portillo et al., 1992) . Briefly, MDCK epithelial cells (ATCC CCL 34) were grown to confluency in MEM medium containing 5% (v/v) foetal bovine serum (FBS) in 96-well plates (approx. lo5 cells per well). Monolayers were infected with about 10, bacteria, previously grown overnight in LB broth at 37 "C without shaking. Bacterial infection was performed for 2 h at 37 "C. Infected epithelial cells were washed three times with phosphate-buffered saline (PBS) pH 7.4 to remove non-adherent bacteria. Infected monolayers were then incubated in the presence of fresh MEM plus 5% (v/v) FBS medium containing 100 pg gentamicin ml-', to kill any adherent non-internalized bacteria associated with the cell monolayer. Incubation with gentamicin was carried out for the period of 2 4 h post-infection. The gentamicin concentration was then reduced to 10 pg ml-l and the monolayers were incubated for an additional 2 h (4-6 h post-infection). At 6 h post-infection, the MDCK monolayers were lysed with 1 % (v/v) Triton X-100 in PBS (pH 7.4) to release the intracellular bacteria. Viable cell counts were determined for the intracellular bacteria.
A cell lysate was also prepared to measure p-galactosidase activity in intracellular bacteria. Bacterial cells were Iysed with 0.1 O/O (w/v) SDS and chloroform and p-galactosidase activity was measured using the fluorescent substrate fluorescein di-p-D-thiogalactopyranoside (FDG) as previously described (Garcia del Portillo et al., 1992) .
In addition, P-galactosidase activity was measured in parallelrun uninfected epithelial cells, and subtracted as the background. Extracellular (non-internalized) bacteria after 2 h incubation with MDCK monolayers were also collected, viable cell counts determined, and p-galactosidase activity measured for comparison with intracellular expression. Intracellular induction was expressed as the ratio between P-galactosidase activity in internalized bacteria and extracellular bacteria.
Virulence assays. Cultures of the Salmonella strains to be tested were grown overnight in L broth at 37 "C without shaking. Cultures were pelleted by centrifugation at 4000 r.p.m. in a bench-top centrifuge. The cells were then resuspended in PBS. The OD,,, was adjusted to 0-93, which equates to a cell density of approximately 5 x 10' cells ml-'.
For the LD,, determinations, serial dilutions were then made in PBS. Bacterial suspensions were administered intragastrically to 6-8-week-old female BALB/c mice by oral gavage in a volume of 200 pl. Mice were observed at least daily for the duration of the experiments.
C-starvation-survival assay. Long-term starvation-survival was assayed as previously described (Spector & Cubitt, 1992; O'Neal et al., 1994) with the exception that cells were starved only for glucose. Briefly, desired strains were grown overnight in MS hiPCN broth plus antibiotics, as needed, at 37 "C with shaking. Overnight cultures were diluted 1 : 100 into 4 ml fresh MS hiPCN medium with antibiotics, as needed. Cells were grown at 37 "C with shaking to exponential phase (OD,,, -0 . 3 4 4 ) to dilute out, by exponential growth, any stress proteins produced during overnight growth. One millilitre of each exponential-phase culture was then mixed with 9 ml fresh MS medium with nonlimiting P-and N-source but no Csource, plus antibiotics, as needed, in a 125 ml screw-cap Erlenmeyer flask, The only C-source provided was that carried over from the exponential-phase culture : enough to support an additional two to three doubling and allow the bacteria to pass through a transition period from growth to stationary phase due to C-source exhaustion (O'Neal et al., 1994) . At specified time intervals, aliquots of the culture were removed, serially diluted in MS buffer (MS medium without a C-, P-and N-source), and plated onto LB agar, plus antibiotics as needed, to determine viable plate counts. Time zero was the point at which the culture stopped growing as a result of glucose exhaustion and entered C-starvation-elicited stationary phase. Percentage survival was calculated as c.f.u. ml-l at each time point divided by the maximum c.f.u. ml-l achieved (typically approx. 3-5 x lo8 c.f.u. ml-') multiplied by 100.
RESULTS

Identification of carbon starvation-stress response loci
A KanS his+ S. typhimuriurn LT-2 wild-type strain w a s transduced with a lysate of HT phage propagated o n strain TT10287 selecting for kanamycin resistance o n LB Kan agar plates. A total of approximately 60000
KanR transductants were obtained a n d replica-plated o n t o nonlimiting MS hiPCN and glucose-limiting MS loC agar media supplemented with K a n a n d X-Gal b u t n o histidine. KanR his+ colonies t h a t appeared more intensely blue on the limiting glucose medium compared to the nonlimiting glucose medium were selected for further characterization. F r o m this search, a n d a pre- Bold letters indicate residues sharing identity with the 5. typhimurium YafH ORF. Note that the insertion site for fadF104::MudJ-lac was determined using a primer whose 3' end lies a t the end of the MudJ sequence. Uncertainties in how close to the primer the readable sequence began mean that the insertion site was not identified precisely, but it must lie a t or within a few bases of nucleotide 970 or around amino acid 324 in E. coli YafH ORF. All sequences were obtained from the ProDom Database, release 34.2, acyl-CoA dehydrogenase domain.
vious search (Spector et al., 1988) , a total of 76 independently isolated strains carrying C-starvationinducible lac fusions (csi: : lac) were identified and maintained as a C-starvation-inducible lac fusion 1i-brary. This library represents a collection of strains carrying independent csi : : lac fusions around the S. typhimurium chromosome. Based on locations of different insertion sites identified to date, we estimate (a) about 25-30 YO redundancy (insertions in the same genetic locus but at different sites) and (b) that the library represents around 40-50 different C-starvationinducible genetic loci (Spector, 1998 (Fig. 1) . Sequence analysis indicated that the insertion in ST54 (csi-20) was proximal to the deduced translational start site (amino acid 178) followed by the insertion in ST64 (csi-101) and , at deduced amino acids 324 and 546, respectively. Thus, unless otherwise indicated the fusion in ST54 was employed for the regulatory analysis performed in this study. The E. coli y a m locus lies between 5-1 and 5-2 centisomes on the E. coli linkage map (Berlyn et al., 1996) . However, the S. typhimurium homologue is predicted to map around 6-9 centisomes on the S. typhimurium genetic map, based upon the relative locations of known genes or markers in the region on the S. typhimurium and the E. coli linkage maps (Berlyn et al., 1996; Sanderson et al., 1996) . However, linkage to known loci in this region has not been demonstrated (data not shown). DiRusso, 1994 , for a review). Thus, one possibility was that the y a mencoded ACDH may represent the LCADH required for the utilization of medium-and long-chain fatty acids as C-sources in these bacteria -in other words that y a m is identical to the proposed fadF gene (Klein, 1973; Overath et al., 1969; Klein et al., 1971; Black & DiRusso, 1994) .
Phenotypic evidence that yafH is fadF
T o test the hypothesis that the S. typhimurium y a m homologue is fadF, a number of phenotypic characterizations were carried out. Table 2 presents growth phenotypes of strains carrying each of the three insertions compared to their wild-type parent on NCE minimal agar plates with glucose, acetate or oleate (a long-chain monounsaturated fatty acid ; C,, : Icis9) as the sole C-source. Strains carrying any of the three insertion mutations (STSO, ST54 or SMS645, and ST64) were all unable to utilize oleate as a sole C-source. In contrast, the wild-type parent strains (SL1344 and TR6583) were both capable of oleate utilization. Both the mutant and the parent strains grew well on NCE medium with acetate as the sole carbon and energy source, indicating they were all capable of metabolizing acetyl-CoA via the TCA cycle and glyoxylate shunt. This connotes that the defect in the mutants was in fatty acid degradation and not in the TCA cycle or steps following the TCA cycle. Thus, insertions disrupting the y a m ORF up to deduced amino acid 546 (STSO-ORF, Fig. 1 ) all prevented utilization of oleate as a C-source, suggesting that all or part of the carboxy-terminal 33% of the deduced 814 amino acid protein is essential for its activity. These results also indicated that the encoded ACDH has a specificity for long-chain fatty acids (LCACDH). Be-On: Sun, 16 Dec 2018 19:08:48 M. P. S P E C T O R a n d OTHERS The results shown in Table 3 further support the redesignation of y a m as fadF. These data indicated that not only was fadF C-starvation inducible but it was also induced by the presence of oleate in nonlimiting TB medium. This was to be expected since oleate is known to induce enzyme activities involved in fatty acid degradation in E. coli (Black & DiRusso, 1994). Data were only obtained for the deduced translational start site proximal fadF103 : : lac fusion.
The hypothesis that the inability of these mutants to utilize oleate results from a defect in p-oxidation was supported by the data shown in Table 3 . These results showed that an insertion disrupting the ORF at either deduced amino acid 178 or 546 ( Fig. 1) reduced poxidation specific activity to undetectable levels (ST54 and ST50, respectively). As expected, P-oxidation activity was oleate inducible in the parental strains (SL1344 and TR6583, TB vs TBO). Interestingly, the P-oxidation activity levels of the two wild-type strains following induction with oleate were different: activity measured in TR6583 was only about 58% of that measured in SL1344. This may be a reflection of the difference in the levels of induction of fadF observed in these two strain backgrounds (compare Tables 3 and 4 , strains ST54 and SMS645) since the FadF ACDH catalyses the rate- 1994) , and probably S. typhimurium as well. This explanation is supported by the fact that both the / I -oxidation and p-galactosidase activity levels of the two wild-type strains during noninducing conditions (TB without oleate) are virtually identical.
The fadf gene is a phase 1 SSR locus
Expression of the fadFZ03 : : lac fusion was followed over time during growth in minimal limiting glucose broth. The results showed that fadF is a phase 1 Cstarvation-inducible locus, i.e. it is induced during the transition from growth to C-starvation-induced stationary phase (Fig. 2) . The fadFZ03::lac fusion exhibited increased p-galactosidase expression upon the cessation of growth due to exhaustion of glucose in the medium (Fig. 2 insert) (Spector et al., 1988; Spector & Cubitt, 1992; Spector & Foster, 1993) . In addition, fadF expression continued at a high rate over the next 160 h of C-starvation. Results are shown for the fadF203 : :lac fusion but similar results were obtained for the fadFIO2: :lac and fadFZ04: :lac fusions.
The fadF203 : : lac fusion was also consistently induced during P-starvation, but only about sixfold ; however, the fadF103 : : lac fusion was not N-starvation responsive. Although the P-starvation-induction of fadF exhibited similar kinetics to that observed during Cstarvation, P-starvation-induction of fadF was not nearly to the level observed for C-starvation (data not shown). and p-galactosidase activity was measured (Miller, 1972 (Miller, , 1992 .
The arrow indicates the point a t which the culture stopped growing due to exhaustion of glucose from the medium. The insert shows the same data with p-galactosidase activity plotted versus growth as measured by OD, , , .
The data presented are representative of results from a t least three separate trials.
FadR is a negative regulator of f~d F expression during exponential-phase growth
The fadR gene product is a global regulator of several fatty acid biosynthesis (fa6) and fatty acid degradation (fad) genes. Evidence to date suggests that it is a positive transcriptional regulator for two fa6 genes and a negative regulator of at least seven fad genes in E. coli (DiRusso et , 1993 Gui et a [., : Farewell et al., 1996 reviewed by Black & DiRusso, 1994; DiRusso & Nystrom, 1998) . In addition, it also negatively regulates the uspA locus, which encodes a universal stress protein (Farewell et al., 1996) Raman & DiRusso, 1995) . Using this screening procedure a f a d R mutant (LS1860) was isolated and confirmed by p-oxidation activity assays. Table 2 illustrates that LS1860 could grow on both medium-chain (decanoate) and long-chain (oleate) fatty acids as a sole C-source, as expected. Table 3 indicates that LS1860 exhibited derepressed levels of p-oxidation activity in the absence of long-chain fatty acids. These findings support the conclusion that LS1860 is a fadR mutant, lacking a functional FadR repressor activity. Furthermore, the finding that introduction of pCDlOl (which encodes a wild-type E. coli FadR protein) into LS1860 restored inducibility of p-oxidation activity in response to oleate (data not shown) confirmed that the mutation was in fadR, and it was designated fadRlOl.
We also tested whether a fadRl01 fadFIO.3 : : lac double mutant (SMS648) could grow on decanoate as a sole Csource. As seen in Table 2 , LS1860 grew on NCE decanoate but SMS648 could not grow on decanoate. This indicated that the fadF-encoded ACDH was also required for the utilization of medium-chain fatty acids, further supporting the hypothesis that fadF encodes an LCACDH activity.
The fadRlO1 mutation was isolated in the TR6583 background, so the fadF103 : : lac insertion was transduced into both TR6583 and LS1860, and fadF103 : : lac expression was monitored during exponential-phase growth with or without exogenously added oleate and during C-starvation. Results presented in Table 4 indicated that, as hypothesized, FadR is a repressor of fadF transcription under non-inducing conditions (exponential-phase growth in the absence of oleate; compare SMS645 and SMS648, exponential-phase/ minimal and exponential-phase/TB). The fadRlO1 mutation resulted in derepression of the fadF103 : : lac fusion to levels observed during C-starvation. This derepression occurred in the absence of appreciable cAMP:CRP (high glucose levels in the medium) or ppGpp (growing cells) levels (see below). Interestingly, fadFlO3 : : lac still exhibited about a 2-5-fold induction during C-starvation in a fadRlO1 background. This additional level of induction was found to require CAMP: CRP (data not shown). Thus, in the absence of a functional FadR repressor, CAMP : CRP (accumulating as a result of glucose-starvation) can lead to two-to threefold higher levels of fadF induction during Cstarvation. These results and others (Fig. 2) also demonstrated that the C-starvation-induction of fadF occurs in the absence of exogenously added inducer, i.e. exogenously added long-chain fatty acid derived acylCoAs.
One other interesting finding was observed when we compared the level of induction of the fadF1 03 : : lac fusion and p-oxidation activities in the SL1344 and TR6.583 backgrounds. As mentioned above, p-oxidation activity in the TR6.583 strain was only about 58% of " Each strain was grown under noninducing conditions (exponential-phase in nonlimiting minimal medium) or inducing conditions (3 h of C-starvation in minimal medium), at which point pgalactosidase activity was measured by the method of Miller (1972; . Values are meansfSEM from at least 3 separate trials. tMean fold-induction is calculated by dividing the mean 8-galactosidase activity under inducing conditions by the mean p-galactosidase activity under noninducing conditions. that measured in SL1344 (Table 3) . This correlates well with the finding that fadF203::lac was induced in the TR6583 background to only about 57 % of that observed in the SL1344 background during growth in TBO (compare SMS645, TBO, in Table 4 to ST54, TBO, in Table 3) . Similarly, the level of induction of this fusion, during C-starvation, in the TR6583 background was only about 47 % that observed in the SL1344 background (compare SMS645,3 h C-starved, in Table 4 with ST54, 3 h C-starved, in Table 5 ) . The reason for this disparity is not clear at this time.
Induction of fadf during C-starvation is
cs-i n d e pende n t
Several C-starvation-inducible SSR loci are under the control of the alternative sigma transcription factor encoded by the rpoS gene, cs or u3' (O'Neal et al., 1994; reviewed by Hengge-Aronis, 1996; Spector, 1998 O'Neal et al., 1994) null insertion mutation was introduced into the fadF203 : : lac fusion-carrying strain. The resulting fadF of Salmonella is a starvation-stress response locus strain, SMS452, was then assayed for induction during C-starvation. As shown in 
Induction of fadF during C-starvation is CAMP: CRP-dependent
Another global regulator of C-starvation-inducible gene expression is the cAMP:CRP complex (Spector & Cubitt, 1992 ; reviewed by Saier et al., 1996; Spector, 1998) . This regulator has also been implicated in the regulation of other fatty acid metabolism genes (Black & DiRusso, 1994; DiRusso & Nystrom, 1998) . Therefore, we introduced a crp-773 : : TnlO (lacks the cAMP receptor protein, CRP) or a cya: : TnlO (lacks adenylate cyclase activity) null insertion mutation into the fadF103: : lac-carrying strain, and the resulting strains, SMS45 1 and SMS506, were then assayed for induction during C-starvation. No significant induction of the fadFl03: : lac fusion during C-starvation was detected in either the cya or crp mutant ( Table 5) . Similar results were obtained for the other fadF: : lac fusions (data not shown). Thus, cAMP:CRP is a positive regulator required for the C-starvation-induction of fadF.
As mentioned above CAMP: CRP is also required for the increased level of fadF expression observed in a fadRlOl mutant during C-starvation (data not shown). This might suggest that the primary function of cAMP : CRP is to enhance RNA polymerase transcription of fa@, in addition to, or rather than, relieving FadR repression.
T o address this question we introduced a crp2'-771 mutation into a cya : : TnlO fadF103 : : lac strain. The resulting strain, SMS572, produces red colonies on MacConkey's 0.5 % mannitol agar plates whereas its cya: : TnlO parent, SMS506, is white/yellow on this medium (data not shown). SMS572 was assayed for fadF expression under noninducing and inducing conditions.
As illustrated in Table 5 , the crp* mutation restored C-starvation-inducibility to fadF103 : : lac, albeit not to wild-type levels, but did not result in derepression of fadF expression under noninducing conditions in exponential-phase cells. This indicates that cAMP : CRP alone is not sufficient to relieve FadR repression and that
FadR must be inactivated in order to achieve fadF induction under the conditions tested.
Induction of fadF during C-starvation is partially dependent upon the accumulation of (p)ppGpp
The accumulation of (p)ppGpp as a result of C-starvation is also known to control, at least in part, Cstarvation-inducible gene expression (Spector & Cubitt, 1992 ; reviewed by Cashel et al., 1996 , Spector, 1998 . There are two (p)ppGpp synthetase activities in both E. coli and Salmonella: one is encoded by relA (ppGpp synthetase I) and the other is encoded by SPOT (ppGpp synthetase 11, which is also a ppGpp 3'-pyrophosphohydrolase involved in ppGpp degradation). The accumulation of ppGpp elicits what is referred to as the stringent response, best characterized during amino acid starvation (reviewed by Cashel et al., 1996) . There have been conflicting results concerning the accumulation of ppGpp during C-starvation with regard to which enzyme is involved in its synthesis and/or whether reduced degradation by SpoT accounts for ppGpp accumulation under these conditions. Some studies suggest that ppGpp accumulation during C-starvation is SpoT-dependent and RelA-independent ; others found that this is not the case (reviewed by Cashel et al., 1996) .
We have previously shown, however, that the Cstarvation-induction of several SSR loci is relA-dependent (Spector & Cubitt, 1992 ; M. Spector, unpublished results). Therefore we wanted to determine if the expression of fadF is dependent on ppGpp during C-starvation. T o examine this possibility, the Cstarvation-inducibility of fadF2 03 : : lac was measured in relA, SPOT and relA spoT double-knockout mutation backgrounds. As presented in Table 5 , the results of these experiments indicated that ppGpp, although not absolutely required for C-starvation-induction as in the case of cAMP : CRP, is required for the full induction of fadF during C-starvation. What is less clear from these results is which ppGpp synthetase is (most) important for ppGpp synthesis under these conditions. Results presented in Table 5 show that strains which lack RelA but possess SpoT (SMSSOS and SMS571) exhibited only about 40% the level of induction of fadF, as compared to wild-type strains, during C-starvation. Interestingly, strains carrying one of two null spoT mutations (Rudd et al., 1985; SMS566 and SMS567) , which would lack a functional SpoT enzyme but possess RelA, also exhibited reduced levels of fadF induction (40-55% of the wild-type levels) during C-starvation. This suggests that both ppGpp synthetases play a role in ppGpp synthesis under these conditions. Based on these findings, one might expect that a relA SPOT double, or ppGppO (Rudd et al., 1985) , null mutant would not exhibit C-starvation-induction of fadF. However, data presented in Table 5 indicated that this was not the case, since the double relA SPOT mutants exhibited levels of fadF induction equivalent to strains carrying the relA or spoT mutations alone. Strains SMS568 and SMS571
were included as controls to demonstrate that the TnlO, used for transduction of the SPOT mutations, itself was not having an effect on fadFlO3 : :lac expression. These data connote that ppGpp is needed in some manner (i.e. directly or indirectly ; at the transcriptional or posttranscriptional level) for full induction of fadF and that both the RelA and SpoT enzymes appear to play a role in ppGpp synthesis under these conditions.
Although the mean fold-inductions of fadFIO3 : : lac vary between 37 and 71 for strains carrying relA and/or spoT mutations this is primarily a reflection of the slight differences in the basal levels of expression measured in these strain backgrounds as opposed to differences in the induced levels of expression of fadF. The basal ex- pression levels (i.e. expression during noninducing conditions) were not significantly different in these mutant backgrounds compared to the wild-type background. However, the induced levels of fadF in the wildtype and various mutant strain backgrounds was significantly different. Thus, the effect of the reZA and/or the SPOT mutations was on the level of C-starvationinduction only and not on basal fadF expression.
fadf is needed for C-starvation-survival
We had previously identified three C-starvationinducible SSR loci that are required for long-term starvation-survival, stiA, stiB and stiC (Spector & Cubitt, 1992; O'Neal et al., 1994) . Thus, we are interested in determining if other C-starvation-inducible SSR loci are also needed for starvation-survival in S. typhimurium. T o test this, we C-starved strains ST5O and ST54 for up to SO4 h and measured culture viability at designated time intervals. The ST64 strain was not tested because the insertion in this strain lies between the insertions in ST54 (promoter proximal) and ST50 (promoter distal). Fig. 3 shows the results of these experiments. As can be seen in this figure, the MudJ insertion mutations in both ST5O and ST54 resulted in a more rapid loss of viability and about a 12-fold lower level of survival compared to the parent strain SL1344
after 312 h of C-starvation and about a sevenfold lower percentage survival after 504 h. Furthermore, loss of viability in the fadF mutants had not reached a steadystate level by 21 d, in contrast to the wild-type parent strain, which reached steady state after about 384 h of C-starvation (Fig. 3) . This suggests that FadF and fatty acid degradation, in general, are needed for survival of C-starved cells during the first two weeks or so of starvation and may also be important in maintaining steady-state viability after about three weeks of Cstarvation. 
The fadF gene is induced within cultured MDCK epithelial cells but is not required for lethality in mice
Since S. typhimurium is an intracellular pathogen it is useful to know whether or not a gene is expressed in the host environment. This knowledge may provide insight into the conditions present in an intracellular environment as well as clues as to the potential importance of a locus in pathogenesis (Mahan et al., 1995; Valdivia & Falkow, 1997) . T o this end, strains ST54 and ST64 were incubated in the presence of MDCK epithelial cells in tissue culture, and allowed to be internalized within these cells. At 6 h post-infection, intracellular bacteria were harvested, and P-galactosidase activity was assayed and compared with the activity in extracellular bacteria. fadF of Salmonella is a starvation-stress response locus higher). Thus, the fadF mutant was not notably attenuated in terms of lethality in the mouse, compared to the wild-type parent strain.
DISCUSSION
In this study we have identified and characterized three independently isolated Mud-directed lac transcriptional fusions from a library of S. typhimurium strains carrying C-starvation-inducible lac fusions. Sequence analysis of chromosomal DNA adjacent to the insertion sites showed that all three lie within the same gene, which exhibits >95% amino acid sequence identity with the E. coli ORF designated YafH or 0rfl88 (GenBank accession numbers D38582 and D83536). Disruption of the gene at each of the three Mud-lac insertion sites eliminated both growth on medium-and long-chain fatty acids, as the sole carbon and energy source, and in vivo P-oxidation. By comparison with wellcharacterized enzymes and based on the phenotypic characterization of strains STSO, ST54 and ST64 reported here, we propose that this ORF encodes an acyl-CoA dehydrogenase (ACDH) with chain length specificity for medium-and long-chain fatty acids (LCACDH) ; therefore, we have designated this gene fadF to reflect established nomenclature (Klein, 1973 ; Overath et al., 1969; reviewed by Black & DiRusso, 1994; DiRusso & Nystrom, 1998) .
Despite the proposal of Klein (1973) that, in addition to the fadF-encoded LCACDH, a short-chain fatty acid ACDH (FadG) is also encoded in the 5 min region of E. coli, only the ORF designated y a m can be identified as an ACDH by comparison to well characterized enzymes (Fig. 1) . The YafH (FadF) ORF potentially encodes a polypeptide of 814 amino acids. Most ACDH enzymes characterized to date are only 400-600 amino acids in length. Thus, the E. coli and Salmonella enzymes appear to be much longer than their eukaryotic counterparts, with only about 450 amino acids in the amino-terminal portion of FadF sharing 30 % or more identities with the eukaryotic enzymes. Interestingly, the MudJ-lac insertion in ST5O was inserted after amino acid 546 of the ORF ; yet the same phenotypes associated with insertions located more amino-terminally (ST54 and ST64) are also ascribed to the insertion in STSO. We postulate, therefore, that this indicates that portions of the protein in the carboxy-terminal region which do not share significant identities with the larger family of ACDH enzymes are required for enzyme function in these bacteria. This may indicate significant differences between the enzymes, which will require further study. What the function of this carboxy-terminal region might be is unclear since it does not show significant homology to any known sequences within the GenBank or other databases.
Evidence from studies examining the regulation of other E. coli fad genes or enzyme activities has previously implicated cAMP : CRP as a positive regulator and FadR as a negative regulator Farewell et al., 1996; reviewed by Black & DiRusso, 1994 (Tables 3, 4 and 5 ) .
As previously described for other fad genes in E. coli Farewell et al., 1996) , FadR functions as a negative regulator of fadF, repressing fadF expression in exponential-phase cells in the absence of exogenous long-chain fatty acids (inducer). In contrast, cAMP : CRP is required for the positive regulation of fadF expression during C-starvation. The cAMP : CRP complex is absolutely required for the C-starvationinduction of fadF since mutations preventing the synthesis of cAMP (i.e. cya::TnlO insertion mutation) or the cAMP receptor protein (ix. crp: : TnlO insertion mutation) both eliminated the C-starvation-induction of fadF (Table 5) . In further support of these findings, a DNA fragment containing a putative promoter upstream of the E. coli y a m (fa&) (GenBank entry D83536) was fused to the lac2 gene and P-galactosidase activity assayed. (Tables 4 and 5 ; data not shown). This implies that the FadR repressor must be inactivated during C-starvation in order for cAMP : CRP to activate fadF transcription. The inactivation of FadR repression may involve (a) the release of endogenous inducers (e.g. long-chain fatty acyl-CoAs derived from inner-membrane fatty acid residues) or (b) some other signal generated during the C-SSR. Whether C-starvationinduction of fadF is independent of long-chain fatty acyl-CoAs remains to be determined. However, it can be postulated that their long-chain fatty acid precursors may become available as a result of: (a) membrane turnover (endogenous inducer), as cells enter and proceed into C-starvation-elicited stationary phase, and/or (b) being released as dying cells lyse in the vicinity (exogenous inducer). Irrespective of the control of fadF induction, at least three findings indicate that the ability to utilize medium-/long-chain fatty acids is a key event in the SSR. First, the cellular levels of monounsaturated fatty acids, such as cis-vaccenic acid, decrease significantly during starvation (reviewed by Huisman et al., 1996; DiRusso & Nystrom, 1998) . Secondly, fadF is continually expressed at a high level over the first week of C-starvation ( Fig. 2) and, thirdly, fadF mutants exhibit reduced C-starvation-survival (Fig. 3) .
M u d J insertions disrupting the fadF ORF at deduced amino acids 178 or 546 significantly reduced the Cstarvation-survival of strains carrying these insertions (Fig. 3 ) but, results presented here show that fadF expression is cs independent (Table 5) . However, the role of fadF as a C-starvation-survival locus is consistent with the finding that it is a phase 1 SSR locus, since the core SSR loci identified to date are also phase 1 loci that exhibit continued expression over the first several days of starvation (Spector et al., 1988; Spector & Cubitt, 1992;  reviewed by Spector, 1998) . Although two of these starvation-survival loci are as-dependent and another is negatively controlled by os, none require cAMP : CRP for their induction (Spector & Cubitt, 1992; O'Neal et al., 1994) . Thus, to our knowledge, this is the first report of a cAMP : CRP-dependent as-independent locus that plays a role in long-term starvation-survival, although other 2-independent loci have been implicated in stasissurvival (Farewell et a/., 1996; DiRusso & Nystrom, 1998) . The reason why fadF mutants survive C-starvation poorly is not clear, but possible explanations include: (a) the inability to turn over fatty acids derived from the membrane during the initial phases of SSR, (b) the inability to utilize exogenous long-chain fatty acids that may become available as cells die and lyse during starvation, and/or (c) the accumulation of fatty acid molecules intracellularly or extracellularly as a result of their inability to be degraded.
A recent report has looked at the expression of E . coli fadB, fadL, fadD and uspA (which encodes the universal stress response protein, UspA) during stationary phase.
The expression of the fad genes and uspA is increased upon entry into stationary phase in the absence of exogenously added fatty acids (Farewell et at., 1996) . In contrast, the expression of fabA (fatty acid biosynthesis)
is decreased during stationary phase. The growth-phasedependent increased and decreased transcription of uspA, these fad genes and fabA, respectively, are dependent upon inactivation or decreased expression of FadR (Farewell et al., 1996) . Cells carrying the FadR super-repressor allele, fadRS219N, survive long-term stasis poorly following growth in rich medium, suggesting that the inability to derepress the FadR regulon is detrimental to the cell in stasis (Farewell et al., 1996) . The present study supports the idea that FadR and the fad genes are important to non-growing cells by
showing that fatty acid degradation is required for survival under the more defined conditions of carbon starvation. Clearly, the FadR protein and the genes it regulates play an important role in adaptation to and survival during stress.
Further support for a role for fadF in achieving maximal C-starvation-survival comes from the finding that the alarmone (p)ppGpp appears to play a positive role in fadF induction during C-starvation. This alarmone has classically been associated with the stringent response first described for amino acid starvation but also found to accumulate during C-/energy, P-and N-starvation conditions (reviewed by Cashel et al., 1996) . The enzymes involved in the synthesis and accumulation of (p)ppGpp are encoded by the relA and spoT genes. The
SpoT enzyme is thought to be involved in (p)ppGpp accumulation during C-starvation but we have previously found that RelA is also involved in C-starvationelicited (p)ppGpp accumulation (Spector & Cubitt, 1992 ; reviewed by Cashel et al., 1996) . Results presented here (Table 5) is not sufficient to achieve fadF induction during Cstarvation in the absence of CAMP: CRP (Table 5 ) . Our results also indicate that both RelA and SpoT are needed to achieve sufficient levels of (p)ppGpp to enhance fadF expression, since knocking out both enzyme activities (as in the relA SPOT double mutant; Table 5 ) has the same effect as eliminating RelA or SpoT alone. It could be argued that the effects associated with the relA and SPOT mutations may be due to a general defect in gene expression or the consequence of the reporter system that we are using to monitor regulation, i.e. MudJ-lac transcriptional fusions. If this is the case then one would expect that all such fusions induced under similar Cstarvation conditions would exhibit relA and/or spoT control; however, they do not (see reviews by DiRusso & Nystrom, 1998; Spector, 1998) , which tends to argue against such a nonspecific effect.
We also report here that fadF is significantly induced within cultured MDCK epithelial cells, and that this induction is comparable to induction by oleate. This suggests that the intravacuolar microenvironment in which S. typhimurium is located (a) has free fatty acids available to be taken up and utilized by the bacteria and/or (b) the intravacuolar milieu is limiting in available C-sources, especially glucose. Results from other studies indicate that the intravacuolar niche is limiting in glucose, but does contain mannose (F. Garcia del Portillo & B. B. Finlay, unpublished results), a utilizable sugar for Salmonella. A previous report, supporting our findings, has suggested that fad genes are specifically expressed during Salmonella pathogenesis (Mahan et al., 1995) . It is clear, however, from these various studies that stationary phase, C-starvation and 
